Many cytoskeletal proteins form the core of fundamental biological processes and are evolutionarily ancient. For example, the superfamily of actin-related proteins (Arps) specialized early in eukaryotic evolution for diverse cellular roles in the cytoplasm and the nucleus. Despite its strict conservation across eukaryotes, we find that the Arp superfamily has undergone dramatic lineage-specific diversification in Drosophila. Our phylogenomic analyses reveal four independent Arp gene duplications that originated in the common ancestor of the obscura group of Drosophila species and have been mostly preserved in this lineage. All four Arp paralogs have evolved under positive selection and are predominantly expressed in the male germline. We focus our analyses on the divergent Arp2D paralog, which arose via a retroduplication event from Arp2, a component of the 7-membered Arp2/3 complex that polymerizes branched actin networks. Computational modeling analyses suggest that Arp2D should be able to replace Arp2 in the Arp2/3 complex and bind daughter actin monomers, suggesting that Arp2D may augment Arp2's functions in the male germline. We find that Arp2D is expressed during and following meiosis in the male germline, where it localizes to distinct locations such as actin cones-specialized cytoskeletal structures that separate bundled spermatids into individual mature sperm. We hypothesize that this unprecedented burst of genetic innovation in cytoskeletal proteins may have been driven by the evolution of sperm heteromorphism in the obscura group of Drosophila.
) and participating in chromatin remodeling (Arps 4,5,6,8) (Harata, et al. 2000; Blessing, et al. 2004; Klages-Mundt, et al. 2018) . Of the Arp superfamily members, only Arp1 can form actin-like filaments (Schafer, et al. 1994) , whereas most Arps function in complex with other proteins (Machesky, et al. 1994; Klages-Mundt, et al. 2018) .
Previous phylogenetic analyses have highlighted the evolution and distinguishing features of different Arp families (Goodson and Hawse 2002; Muller, et al. 2005) . Using Arp sequences collected predominantly from five model organisms (Arabidopsis thaliana, Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster, and Homo sapiens), these studies defined the Arp subfamilies with phylogenetic precision (Goodson and Hawse 2002; Muller, et al. 2005) . While Arp subfamilies diverged from each other early in eukaryotic evolution, the Arp sequences within each subfamily are highly similar, indicating the strong selective pressure for conservation of both sequence and function for each Arp (Goodson and Hawse 2002; Muller, et al. 2005) . Despite the compelling conservation of cytoplasmic and nuclear Arps across eukaryotic species, studies have also uncovered cases of lineage-specific gains and losses. For example, Arp1 and Arp10 were lost in plants most likely due to the concomitant loss of the motor dynein (Hammesfahr and Kollmar 2012) . Similarly, the Arp7 and Arp9 subfamilies are evolutionary inventions specific to fungi (Cairns, et al. 1998; Peterson, et al. 1998; Goodson and Hawse 2002) .
Establishing the framework of well-defined Arp lineages has also aided in the identification of lineage-specific "orphan" Arps that do not fall into a defined Arp subfamily (Goodson and Hawse 2002) . For example, mammals have approximately 7 testis-specific Arps with no known ortholog outside mammals. Whereas the highly conserved canonical Arps (1-10) are ubiquitously Studies of such 'orphan' Arps could reveal how a strikingly conserved superfamily can diversify in sequence to innovate cellular roles.
Here, we took a phylogenomic approach to uncover additional innovation in the Arp superfamily in Drosophila. Using a comprehensive survey of the Arp superfamily in 12 sequenced and wellannotated Drosophila species (Drosophila 12 Genomes 2007) , we sought to determine if there were additional Arp paralogs beyond Arp53D. Unexpectedly, we discovered 4 lineage-specific Arp paralogs, all of them occurring in the common ancestor of the obscura clade of Drosophila.
Despite the convergence of Arp innovation in the same Drosophila lineage, we find that the Arp paralogs arose independently, via duplications of distinct parental Arps or actins. Most of these obscura-specific Arps have been retained over the 14 million-year-old lineage, where they evolve under positive selection. Similar to Arp53D, we find that all obscura-specific Arps are expressed in the testis. Cytological analyses reveal that these Arps may specialize for gametic actin structures, such as motile actin cones that act during sperm individualization. Our results reveal that a burst of genetic innovation in the conserved Arp superfamily allowed for specialized roles in spermatogenesis in a specific lineage of Drosophila.
Results:
A burst of lineage-specific duplications in the obscura group of Drosophila
We performed a phylogenomic survey of the Drosophila Arp superfamily in the 12 sequenced and well-annotated Drosophila genomes ( Fig. 1A) (Drosophila 12 Genomes 2007) . In addition to several members of the cytoplasmic (canonical) actin gene family, D. melanogaster encodes eight Arps (Arp1-6,8,10) and one 'orphan' Arp53D (Fyrberg, et al. 1994; Goodson and Hawse 2002) . We used the protein sequences of all nine of these D. melanogaster Arps in tBLASTn searches of the 12 sequenced and annotated Drosophila species (Drosophila 12 Genomes 2007) . All hits with highly significant E-values were collected, aligned, and subjected to phylogenetic and shared syntenic analysis (Fig. 1B) . Our analyses revealed that most sequences were orthologs of the previously identified Arp subfamilies. However, we found four additional Arp homologs that were present in D. pseudoobscura and D. persimilis, two closelyrelated species that diverged ~ 1 million years ago (Babcock and Anderson 1996) . These Arp paralogs (named Dup1, Dup2, Dup3 and Arp2D) are phylogenetically distinct from the highly conserved canonical Arp subfamilies (Fig. 1B) .
We performed an analysis of shared synteny to confirm that these newly identified Arp paralogs are specific to D. pseudoobscura and D. persimilis. We used the genomic locus of each of the 4 novel D. pseudoobscura Arp paralogs to identify shared syntenic locations on each of the other 10 sequenced, annotated Drosophila genomes. In each case, we were able to confirm that the Arp genes were indeed missing in the shared syntenic location of species other than D. pseudoobscura and D. persimilis ( Supplementary Fig. S1, S2 ). Therefore, it appears that all four Arp paralogs arose in one lineage of Drosophila, which includes D. pseudoobscura and D.
persimilis.
To further pinpoint the evolutionary age and origin of the four Arp paralogs, we extended our analyses to other members of the obscura group, which consists of a number of species that have a common ancestor originating ~14 mya (Barrio and Ayala 1997; Russo 2013) . Using the alignment of the syntenic loci in D. melanogaster and one or more obscura group species' draft genomes (Mia Levine, personal communication), we designed primers to locations of high conservation in genes or intergenic regions neighboring each of the four novel Arp paralogs.
Using these primers, we performed PCR-based targeted-sequencing of the Arp paralogs in 10 additional species of the obscura group whose genome sequences have not been sequenced ( Fig. 2 , Supplementary Data S1). Phylogenetic analyses based on nucleotide alignments of the genes and pseudogenes from each group recapitulated expected relationships between the obscura species ( Supplementary Fig. S3 ), thus confirming our identification of true orthologs of the 'new' Arp genes found in D. pseudoobscura.
Based on the results of our targeted sequencing, we conclude that all four Arp paralogs were present in the common ancestor of the obscura group ( Fig. 2, Supplementary Data S3 ). Dup1 is present in all surveyed species, whereas Arp2D is present in all species except for D. subobscura, which has a single base pair deletion leading to a frameshift and numerous stop codons ( Supplementary Fig. S4 ). Dup2 and Dup3 have been pseudogenized in the lineage leading to D. subobscura and D. guanche, while Dup3 has been additionally pseudogenized in the lineage leading to D. bifasciata and D. imaii (Fig. 2) . The published genome sequence of D.
miranda (Zhou and Bachtrog 2012; Gramates, et al. 2017) had suggested that Dup2 and Arp2D have pseudogenized in this species. However, our survey of 8 strains of D. miranda found that all four Arp paralogs are intact in this species ( Supplementary Fig. S5 , Supplementary Data S2).
Overall, our analyses indicate that the Arp paralogs originated ~14 million years ago in the common ancestor of the obscura group of Drosophila species, following which only Dup1 has been strictly retained. D. subobscura appears unusual in having pseudogenized three of the four Arp obscura-specific Arp paralogs whereas the majority of other obscura group species have retained all four paralogs.
Intriguingly, even though all the novel Arp paralogs appear to have arisen in the common ancestor of the obscura group of Drosophila species, they appear to be derived from independent duplication events. Based on initial phylogenetic analyses, we were able to ascribe parentage to only two of the four obscura-specific paralogs: Dup1 is 96% identical to an actin protein whereas Arp2D is 70% identical to parental Arp2 in D. pseudoobscura. Taking advantage of our additional sequencing within the obscura clade ( Fig. 2 ; Supplementary Data S3), we performed additional phylogenetic analyses to delineate the origins of the four Arp paralogs in the obscura clade ( Supplementary Fig. S6 ). We find that each paralog forms a monophyletic clade, with relationships that are largely consistent with the branching topology of obscura species ( Supplementary Fig. S3 , S6). Although this analysis still did not have high enough confidence (or bootstrap support) to assign parentage to the Dup2 and Dup3 paralogs ( Fig. 1B, Supplementary Fig. S6 ), we could nonetheless confidently conclude that they represent distinct evolutionary innovations from Dup1.
The obscura-specific Arp paralogs are primarily expressed in males
Publicly available RNA-seq data in D. pseudoobscura tissues (Celniker, et al. 2009 ) confirms that all canonical Arp paralogs are expressed in all tissues. In contrast, all obscura-specific Arp paralogs are testis-specific in D. pseudoobscura (Celniker, et al. 2009 ). We investigated whether the male-specific expression of these Arp paralogs observed in D. pseudoobscura has been conserved in other species from the obscura group. We isolated RNA from males and females of six representative obscura species and generated cDNA to conduct RT-PCR analyses, allowing us to compare expression between males and females (Supplementary Data S1). We found that canonical actin and Arp2 are expressed at comparable levels between females and males of each species (Fig. 2, Supplementary Fig. S7 ). In contrast, all obscuraspecific Arp paralogs appear to be predominantly expressed in males with low expression detected in females in some species, such as Dup1 in D. algonquin. Therefore, the malespecific expression of the obscura-specific Arp paralogs is largely conserved since their origin ~14 mya.
The obscura-specific Arp paralogs have evolved under positive selection
Although Arp genes are typically very highly conserved, testis-specific proteins are often under selective pressure to diversify (Jagadeeshan and Singh 2005; Kleene 2005; Turner, et al. 2008) .
Therefore, we investigated the selective constraints acting on the male-enriched Arp paralogs present in the obscura clade. We first tested each Arp paralog for positive selection using the McDonald-Kreitman test (McDonald and Kreitman 1991) , which compares the ratio of nonsynonmous to synonymous fixed differences between two species (D N /D S ) to the ratio of nonsynonmous to synonymous polymorphisms within a species (P N /P S ). If the ratio of fixed differences is far greater than the polymorphism ratio (D N /D S >> P N /P S ), then this excess of fixed nonsynonymous differences is inferred to be the result of positive selection. We sequenced each of the four Arp paralogs in 10 or 11 D. pseudoobscura strains (Supplementary Data S4) and 8 strains of the closely related D. miranda (Supplementary Data S2). For each Arp paralog, we aligned the nucleotide sequences and then conducted the MK test, comparing D N /D S to P N /P S in D. pseudoobscura versus D. miranda strains. We found that all 4 paralogs have evolved under positive selection with very high statistical significance (Table 1) .
We next tested for recurrent positive selection at individual sites in the Arp paralogs over the entire obscura group using maximum likelihood methods found in the PAML suite (Yang 2007) .
For each of the four Arp paralogs, all orthologous sequences were aligned based on the codon level. We investigated these alignments for evidence of recombination using GARD analyses (Kosakovsky Pond, et al. 2006) ; no significant evidence for recombination was observed. Using a species tree, we tested whether NsSites models that permitted codons to evolve under positive selection (M8) were a more likely fit to the data than those models (M7, M8a) that disallowed it. We found marginal evidence for recurrent positive selection acting on Dup3 but no evidence in the other three paralogs (Table 2) . These results contrast with our findings of strong episodic positive selection based on the MK test. Together, they suggest that Arp paralogs have evolved under positive selection, but this positive selection was not driven by recurrent amino acid replacement at a subset of 'hotspot' sites; rather, the signal of positive selection appears to be distributed over all four Arp paralogs. This implies that there is selective pressure for gametic Arps to doversify across the actin fold rather than a single surface.
Evolutionary origins and cytological localization of Arp2D in the obscura group
We next focused on the evolutionary origins and functional specialization of the more divergent Arp2D. Whereas Arp2 contains 6 introns, D. pseudoobscura Arp2D has none ( Fig. 3B , Supplementary Fig. S2 ). Lack of introns is a conserved feature in all obscura Arp2D and leads to a size difference in the genomic PCR analyses based on primers to segments conserved between Arp2 and Arp2D (Fig. 3A) . The same PCR reaction using D. melanogaster genomic DNA resulted in a single band expected for the size from Arp2, verifying the absence of Arp2D in this species (Fig. 3A) .
Using a codon-based alignment, we performed phylogenetic analyses using maximum likelihood methods to investigate the evolutionary origins of Arp2D (from 11 obscura species) relative to its parental gene Arp2 (from 12 Drosophila species). Our analyses reveal that the Arp2D sequences form a monophyletic clade, which arose from within the Arp2 lineage specifically from the branch that gave rise to obscura group species D. pseudoobscura and D.
persimilis Arp2 (86% bootstrap support, Fig. 3B ). The branching topology of the Arp2D clade ( Fig. 3B ) also mirrors that of the obscura species tree ( Fig. 2A ) (Barrio and Ayala 1997; Russo 2013) . Therefore, we conclude that Arp2D, given its lack of introns, arose via retroduplication of the mRNA encoding Arp2 in the common ancestor of the obscura lineage.
Computational modeling predicts biochemical properties of Arp2D
Next, we investigated whether Arp2D diverged sufficiently to differ in its biochemical properties from Arp2. Arp2 requires incorporation into a multiprotein complex to polymerize branched actin networks (Pollard 2007 ). This 7-membered complex binds to a pre-formed "mother" actin filament, which leads to a conformational change enabling the complex to bind "daughter" actin monomers; these monomers serve as a platform upon which a second actin filament can polymerize (Pollard 2007) . We find that Arp2D, as well as the other Arp paralogs, has preserved the sequence motif required for ATP binding and hydrolysis ( Supplementary Fig. S8 ), which is required for polymerization of actin.
To further compare Arp2D's biochemical properties to Arp2, we used computational modeling to assess how well Arp2D can sustain the required interactions in the active Arp2-multiprotein assembly structure required to catalyze branched actin networks. We started with a structure of the mammalian Arp2/3 branch junction complex (Pfaendtner, et al. 2012) , which was developed by combining data from X-ray structures of the complex along with electron tomography data on the junction conformation (Rouiller, et al. 2008) . We used this mammalian model to construct a D. pseudoobscura homology model of the entire Arp2/3 complex i.e., with D. pseudoobscura protein sequences for each component of the complex (Arpc1-5, Arp3, and Arp2 or Arp2D) (see Methods). If Arp2D's sequence were incompatible with Arp2's canonical structure or function, we would expect to reveal differences in the stability of these complexes upon molecular dynamics (MD) simulation. However, upon comparing the simulations using the D. pseudoobscura Arp2/3 and Arp2D/3 complexes including two actin monomers for a nascent branch, we found that both complexes remained intact after a ~200 ns MD simulation ( Fig. 4A , Supplementary Fig. S9A ). No steric clashes between residues remained within the structure after the MD. Moreover, the behavior of the daughter actin monomers did not deviate far from the orientation predicted for a stable actin filament ( Supplementary Fig. S9A ). If the structure were unstable, clashes would be unresolvable by MD simulation and the complex would either fall apart or greatly deform. Instead, our analyses suggest that Arp2D is biochemically capable of replacing Arp2 in the complex.
To further deduce the differences in biochemical properties of Arp2D and parental Arp2, we identified all fixed changes that distinguish obscura Arp2D orthologs from all Arp2 orthologs.
Based on the alignment of D. pseudoobscura Arp2 and Arp2D from all obscura species, we classified each residue as a fixed change, relaxed constraint (variable among species) in Arp2D or relaxed constraint in Arp2 (Fig. 4B ). We found that there were 9 fixed changes in Arp2D ( Fig.   4B , Supplementary Fig. 9B ) and only 3 residues that show relaxed constraint in Arp2, predominantly on one surface of Arp2D (Fig. 4B ). In contrast, we find that there are many residues under relaxed constraint in Arp2D ( Fig. 4B ) consistent with our findings of a lower degree of constraint and positive selection of Arp2D. We projected these distinguishing residues onto the surface of Arp2D within the simulated Arp2D/3 complex homology model ( Fig. 4A ).
Notably, we found that the fixed differences between Arp2D and Arp2 made few contacts with other components of the Arp2/3 complex or with the actin monomer ( Fig. 4A ). Therefore, based on the computational modeling, we infer that Arp2D should be able to catalyze branched actin networks, similar to Arp2.
Arp2D localizes to gametic actin structures in D. pseudoobscura testes
Since Arp2D may have similar biochemical properties as Arp2, we explored whether Arp2D's cytological localization in vivo resembles that of parental Arp2. We first compared Arp2D's subcellular localization to that of Arp2 in tissue culture cells. Similar to actin, canonical Arp2 localizes at the cell membrane and at cell-cell junctions in tissue culture cells for the polymerization of branched actin networks (Pollard and Borisy 2003) . We expressed Arp2-GFP in D. pseudoobscura cells, and as expected, Arp2 localizes to the cell cortex ( Fig. 5A ). We then expressed Arp2D-GFP and found that it also localizes to the cell cortex and at sites of cell-cell contact (Fig. 5A ). This localization, in spite of Arp2D's ~30% protein divergence from canonical D. pseudoobscura Arp2, suggests that Arp2D either binds directly to actin or it can replace canonical Arp2 in the 7-membered complex that includes Arp3; both scenarios are consistent with our computational modeling analyses ( Fig. 4A, Supplementary Fig. S9A ).
We next assessed Arp2D expression and localization in vivo. Using P-element-mediated transgenesis (Thibault, et al. 2004 ), we generated a transgenic D. pseudoobscura line encoding Arp2D-sfGFP (superfolder GFP) under the control of Arp2D's native promoter ( Fig. 5B ). We placed sfGFP specifically at the C-terminus of Arp2D since Arp2 has been shown to be functionally unperturbed with a C-terminal tag (Egile, et al. 2005) . We confirmed the expression of the full-length protein by western blot analysis and found that the Arp2D-sfGFP protein was expressed at the expected size ( Supplementary Fig. S10 ). Consistent with the RNA-seq and RT-PCR analyses, we found that this transgene was expressed in testes. To image Arp2D localization in vivo, we dissected testes and imaged live GFP fluorescence with the addition of live-imaging probes specific for DNA and actin ( Fig. 5B ). By confocal microscopy, we found that Arp2D-sfGFP is clearly expressed in meiotic and post-meiotic stages of spermatogenesis where it localizes to the cytoplasm (Fig. 5B ). We confirmed that the fluorescence was specific to sfGFP and not due to autofluorescence by imaging D. pseudoobscura white-flies lacking Arp2D-sfGFP with the same confocal laser settings ( Supplementary Fig. S11 ).
We first detected expression of Arp2D-sfGFP during meiotic prophase, during which Arp2D-sfGFP is often detected at points of concentrated actin at the cell surface that we predict to be endocytic sites ( Fig. 5C) (Pollard 2007 ). Arp2D-sfGFP expression persists throughout sperm individualization. During spermatid elongation following meiosis, Arp2D-sfGFP appears diffuse, albeit at a lower fluorescence intensity than meiotic cells ( Fig. 5B ). Then Arp2D-sfGFP exhibits striking localization at actin during the final step of spermatogenesis-individualization ( Fig. 5D ).
Since cells are interconnected throughout mitotic and meiotic divisions in spermatogenesis, individualization must take place to separate spermatids. During this process in D. pseudoobscura, 128 spermatids in a single cyst (Swallow and Wilkinson 2002) are each separated by an actin cone, which forms at the sperm nucleus and then translocates along the sperm tail, disposing of excess cytoplasm and encasing each spermatid in its own membrane ( Fig. 5D ) (Noguchi, et al. 2008) . Arp2D clearly localizes to motile actin cones ( Fig. 5D ), which translocate along sperm tails to remove excess cytoplasm and encase each spermatid in its own membrane.
This localization of Arp2D-sfGFP to actin cones is highly reminiscent of the localization of parental Arp2 in D. melanogaster (Noguchi, et al. 2008) . Arp2 generates branched actin networks towards the front of actin cones, creating a fan-like structure, and this polymerization of branched actin facilitates the motility of the cones (Noguchi, et al. 2008) . We find Arp2D localizes to fan-like actin cones that are readily motile and have translocated away from sperm nuclei ( Fig. 5D ; Supplementary Fig. S12 ). However, we do not observe Arp2D in immotile cones that are not fan-like (i.e. branched actin networks are absent) ( Supplementary Fig. S12 ). Thus, Arp2D localizes to a subset of previously-described gametic Arp2-containing actin structures in D. pseudoobscura testes. Based on its predicted ability to participate in Arp2-related interactions, its similar localization prior to and during spermatogenesis, and its positive selection, we hypothesize that Arp2D allows for the specialization and recurrent innovation of Arp2-related functions specifically in the male germline, without injury to Arp2's many highly conserved functions in the soma.
Discussion
In this study, we report a burst of genetic innovation in cytoskeletal genes in one lineage of Drosophila species. We find that four Arp paralogs arose independently in the obscura group of Drosophila. Given the extreme conservation during eukaryote evolution of the cytoskeletal apparatus, particularly of Arp genes, such a burst of genetic innovation is unexpected.
All the obscura-specific Arp paralogs are male-biased in expression. This is consistent with the 'out-of-testis' hypothesis, which posits that evolutionarily young genes often originate with testisrestricted expression in multiple species before they expand their expression profile to other tissues (Vinckenbosch, et al. 2006; Kaessmann 2010; Assis and Bachtrog 2013) . This testisbiased 'nursery' of young genes is thought to occur for two reasons. First, testes often have inherently more promiscuous transcription allowing duplicate genes a higher likelihood of being transcribed and translated (Vinckenbosch, et al. 2006) . Second, testis-expressed genes are also subject to extremely high rates of evolutionary innovation because they often serve as battlegrounds for multiple genetic conflicts (Kleene 2005) . As such, evolutionary innovations are more likely to be valuable for testis-specific expression than in other tissues (Vinckenbosch, et al. 2006; Kaessmann 2010) . A corollary to this second point is that evolutionary innovation may be detrimental in other tissues especially if it upsets dosage of proteins in multimeric complexes (Holland and Johnson 2018) . Given that all the canonical Arp paralogs are ubiquitously expressed, testis-specific innovation of Arp paralogs affords the opportunity for cytoskeletal innovation to occur in the testis without interfering with their essential functions in the soma.
Thus, Arp specific duplications might relieve some of the antagonistic pleiotropy between Arp innovation for testis functions and stasis of Arp functions for somatic tissues (Gallach and Betran 2011) .
Are the Arp paralogs simply a means to maintain Arp function in the male germline? We can only ascribe parentage to two of the four obscura-specific Arp paralogs. In both cases, the parental genes are present on the X chromosome. For instance, Dup1 is an autosomal duplicate of an X chromosomal actin gene, whereas Arp2D is a retroposed copy of Xchromosomal Arp2. Many X chromosomal genes are subject to meiotic silencing during male meiosis, and it has been previously proposed that this requirement for male germline expression has driven the disproportionate trafficking or retroduplication of several X-chromosomal genes onto autosomes to maintain germline function in both Drosophila and mammals (Betran, et al. 2002; Emerson, et al. 2004; Dai, et al. 2006; Vibranovski, Lopes, et al. 2009; Vibranovski, Zhang, et al. 2009 ). RNA-seq data suggest that canonical Arp2 is indeed expressed in the testis, albeit at lower levels (Celniker, et al. 2009 ). Under this scenario, however, one might expect to primarily see signatures of preservation rather than divergence of function. Indeed, a recent report showed that maintenance of ancestral functions is more likely to be associated with purifying selection, whereas novel functions are more likely to be associated with positive selection (Jiang and Assis 2017) . Our finding that all four Arp paralogs are subject to positive selection, as well as the high divergence of three of the four paralogs from canonical Arps, suggests that it is unlikely that only preservation of function can sufficiently explain this burst of innovation in the obscura group. Instead, we propose that duplication of X chromosomal copies both protected and allowed for innovation of male germline-specific expression and function.
What novel function might Arp2D play in the testis? Despite Arp2D's divergence, fixed residue differences between all Arp2D orthologs and canonical Arp2 lie outside the predicted binding interfaces with actin monomers and the remaining components of the multiprotein complex.
Furthermore, our analyses reveal that Arp2D retains the ability to localize to actin similarly to Arp2. Nevertheless, residue differences between Arp2D and Arp2 (Fig. 4B ) may alter important protein-protein interactions. Canonical Arp2 requires regulatory proteins to activate its catalysis of branched actin networks; inhibitors of Arp2 have been identified as well (Pollard 2007; Gandhi, et al. 2010 ). Arp2D's divergence and rapid evolution might have enabled it to lose these interactions and gain novel ones, which subsequently may affect its catalytic ability to polymerize actin filaments. Any alteration of the rate of actin polymerization would have significant consequences. For example, the motility of actin cones is thought to be generated by the dynamics of Arp2/3-generated actin polymerization (Noguchi and Miller 2003) . We hypothesize that divergence of Arp2D function may facilitate a novel meiotic and post-meiotic specialization that may not be possible for Arp2, with its many roles in all tissues beyond the testis.
One of the most remarkable aspects of our study is the finding of four independently-derived Arp paralogs in the same lineage of Drosophila. Even if we were to suppose that the pressures of functional novelty or preservation of male germline-specific expression drove this innovation, there is no a priori reason why this remarkable pattern of convergence would be expected to all occur only in one lineage of Drosophila, especially when one considers that the parental genes for each obscura-specific Arp paralog could be distinct. Since the likelihood of the generation of new Arp paralogs is not unique to obscura, we wondered if there is an aspect of spermatogenesis in the obscura group that uniquely influences the retention of the Arp paralogs.
Among investigated Drosophila species, the obscura group is unique in possessing sperm heteromorphism: the simultaneous production of distinguishable types of sperm by a single male (Joly 1989 (Joly , 1991 Joly 1994; Swallow and Wilkinson 2002; . For example, D. pseudoobscura sperm are heteromorphic with fertilization-competent eusperm and two types of parasperm, which cannot fertilize but rather may increase the competitive ability of eusperm to fertilize females (Snook, et al. 1994; Alpern, et al. 2019) . It is unclear how parasperm increase eusperm competitiveness, but proposed mechanisms include displacing rival fertilizing sperm in the female, protection from spermicide in the female reproductive tract and manipulation of female receptiveness to remating (Oppliger 1998; Cook 1999; Snook 2006, 2008; Alpern, et al. 2019) .
Eusperm are easily identified by microscopy because they are ~5 times longer than parasperm Alpern, et al. 2019) . Thus, if sperm heteromorphism is an adaptive trait specific to the obscura group of Drosophila, it is possible that the dual pressures to produce both eusperm and parasperm may have required significant innovation in the cytoskeletal machinery required to produce the different types of mature sperm through individualization.
Intriguingly, the magnitude of sperm heteromorphism is not static in obscura group species, which show significant variation in heteromorphic sperm length and size differences ). This variance may explain the still ongoing positive selection and genetic turnover of the Arp paralogs in the obscura group. In this regard, it may be especially interesting to reexamine sperm heteromorphism in species like D. subobscura that lack three of the four obscura-specific Arp paralogs or in D. pseudoobscura strains in which the Arp paralogs have been experimentally knocked out. Given its rarity, sperm heteromorphism is unlikely to be a universal explanation for the function of testis-specific 'orphan' Arp genes in Drosophila and mammals but may nevertheless illustrate how male germline specific functions invoke or facilitate lineage-specific adaptation of cytoskeletal functions.
Methods:

Drosophila Species and Strains
Species in the obscura clade were either obtained from the National Drosophila Species Stock Center (Cornell University) and were a kind gift from Dr. Masayoshi Watada (Ehime University).
The D. pseudoobscura and D. miranda strains were generously provided by Dr. Nitin Phadnis (University of Utah) and Dr. Doris Bachtrog (University of California, Berkeley) respectively. For a list of strains used in this study, see Supplementary Data S1.
Discovery of Arp duplications in sequenced genomes
The protein sequence of each D. melanogaster canonical Arp was used in a tBLASTn search (Altschul, et al. 1997 ) for other Arp sequences in the 12 sequenced and annotated species of species was collected and a tBLASTn search was conducted against the locus with each paralog's protein sequence from D. pseudoobscura (Kearse, et al. 2012) . Of the 12 sequenced and annotated Drosophila species, only D. persimilis and D. pseudoobscura resulted in positive hits, while the other species were negative.
Sequencing shared syntenic loci of Arp paralogs in the obscura group
Whole flies (10-15) with approximately equal number of males and females were ground in the following buffer: 10 mM Tris pH 7.5, 10 mM EDTA, 100 mM NaCl, 0.5% SDS and 0.5 μ g/μL Proteinase K (NEB). The flies were then incubated at 55°C for 2 hrs, followed by a phenolcholorform extraction. The final ethanol-washed DNA pellet was resuspended in distilled water.
To obtain the sequences of Arp paralogs from non-sequenced obscura group species, we aligned the syntenic loci from D. pseudoobscura and D. melanogaster (and for Arp2D, D.
ananassae was included) and designed primers in conserved intergenic regions or neighboring genes. If gene products were >5 kb, then two PCRs were conducted with forward and reverse primers aligned with the highly conserved ATP-binding motif, which was later re-sequenced after the 5' and 3' prime halves of each paralog were obtained. Primers were iteratively designed based on successful PCRs from divergent species. For a full list of primers used, see Supplementary Data S1.
A touchdown PCR protocol was followed (Korbie and Mattick 2008) and Phusion was used per the manufacturer's instructions (NEB). PCR products that were approximately less than 3kb were TOPO cloned into the pCR4-Blunt vector (Thermo Fisher Scientific) and subsequently sequenced with the M13F and M13R primers. PCR products that were greater than 3kb were directly sequenced. Coding sequences and sequencing of an extended region of each locus can be found in Supplementary Data 3, respectively. Sequences are to in the process of being deposited in Genbank. To differentiate between the presence and absence of Arp2 and Arp2D (Fig. 3A) , we designed primers that aligned completely with both genes and flanked an intron in Arp2 (For: TGATGGTCGGCGATGAGGC, Rev: CGTCAAATGTGGCAGGGCA).
Sequence Alignments and Phylogenetic Analyses
Protein sequences were aligned with MAFFT (Katoh and Standley 2013) and genes were aligned using translation align in the Geneious software package (version 9.1.3, (Kearse, et al. 2012) ). Gaps were removed where less than 80% of the sequences aligned. Maximum likelihood trees were generated using the LG substitution model in PhyML (Guindon, et al. 2010 ) and analyzed for statistical support using 100 bootstrap replicates. Trees were visualized with Geneious. 
Imaging
Comparison of Sex-Biased Expression
Six species were chosen that spanned a wide evolutionary distance in the obscura group to compare male versus female expression. Whole male and female flies were collected separately and RNA was extracted using TRIzol and further purified per the manufacturer's instructions (Invitrogen). RNA was then treated with DNAse and used to synthesize cDNA with SuperScript III (Invitrogen). For each reaction, a corresponding reaction without RT was conducted to detect genomic DNA contamination ( Supplementary Fig. S7 ). Subsequent cDNA was then utilized for RT-PCR of ribosomal Rp49 to assess relative amounts of cDNA among samples. For RT-PCR of the Arp paralogs, primers were designed to yield a ~100-350 bp product for efficient amplification and to distinguish the paralog from actin or Arp2. For a full list of primers used, see Supplementary Data S1. RT-PCRs were conducted using Phusion per the manufacturer's instructions (NEB) for 25 cycles. Equal volumes of each RT-PCR were loaded on a 1% agarose gel for analysis.
Structural Analysis
To analyze conservation and divergence of the proteins, sequences were aligned with MAFFT (Katoh and Standley 2013) and mapped onto the structure's surface using Chimera. Phyre2 (Kelley, et al. 2015) was used to obtain a homology model of D. pseudoobscura Arp2. This software used crystal structures 1O1F and 4JD2, respectively, to model the D. pseudoobscura proteins. All structural analysis was done using Chimera or MacPymol as indicated in the figure legends. To analyze Arp2D in the context of the Arp2/3 complex, sequences of all the D. pseudoobscura Arp2/3 subunits (Arpc1-5, Arp2D and Arp3) were collected and submitted to Swiss-Model (Waterhouse, et al. 2018) to generate a homology model using an X-ray crystal structure of the Bos taurus Arp2/3 complex as a template (PDB 3DXM) (Nolen, et al. 2009 ). The Arp2D homology model substituted Arp2 in the complex. D.pseudoobscura actin was modeled using template PDB 2ZWH (Oda, et al. 2009 ). To view Arp2D with respect to actin, an activated mammalian Arp2/3 junction model was constructed, as described in Supplementary Information.
Generation of an Arp2D-sfGFP D. pseudoobscura transgenic line
The Arp2D paralog was encoded with a superfolder GFP (sfGFP) tag and cloned into the restriction sites BamHI and NotI in the pCasper4 vector. Arp2 has shown to be best tagged at the C-terminus; thus a similar strategy was taken with Arp2D. The 1 kb intergenic regions that were upstream and downstream of the paralogs were included to allow for endogenous expression under the control of proximal transcriptional regulatory regions. The constructs were maxi-prepped (Machery-Nagel) for high quality DNA and used for injections of D. pseudoobscura w-flies (gift from Nitin Phadnis, University of Utah). Fly embryos were injected by Rainbow Transgenic Flies, Inc. in combination with transposase in trans. We crossed larvae that survived the injections to D. pseudoobscura w-flies (4:1 or 5:2 females to males) and selected progeny with pigmented eyes, which ranged from light orange to deep red.
Transformants that appeared in separate crosses were designated as different founder lines and two founders were identified. Homozygous lines were generated and imaged live.
Imaging of Arp2D-GFP transgenic flies
For live imaging, the testes from male transformants were dissected into phosphate-buffered saline (PBS) and then transferred to a drop of PBS on a slide. PBS was exchanged for PBS containing the DNA stain Hoechst and sir-actin (10 μ M; Cytoskeleton, Inc), which is used for live samples. The testes were then torn open with tweezers to release all cell-types during spermatogenesis; this technique allowed for improved visibility of different subpopulations of developing sperm. The tissue was incubated in the imaging solution for 5 minutes in the dark and then a coverslip was placed on top. The sample was immediately imaged using a confocal microscope (Leica TCS SP5 II) and LASAF software (Leica) for 20-30 min, until GFP signal faded and signs of apoptosis were visible. We opted for live imaging of the transformants to avoid the possibility of fixation artifacts; we also found immunofluorescence of the samples led to a high background, making it difficult to know what was true sfGFP fluorescence.
Analysis of Positive Selection
To test for positive selection at the population level, we compared sequences of all four Arp paralogs in 10-11 strains of D. pseudoobscura to those in 8 strains of D. miranda. The Arp paralogs were sequenced with primers that aligned within the 5' and 3' UTRs of the D. pseudoobscura genes. The genes were codon-based aligned and subjected to the MK test with an online resource (Egea, et al. 2008) . To test for site-specific positive selection, we used the PAML suite (Yang 2007) . The coding sequences for each paralog from all obscura species were codon-based aligned using Geneious (Kearse, et al. 2012 ) and all gaps were removed. The requisite format of the alignments was obtained using Pal2Nal (Suyama, et al. 2006) . The alignment and corresponding species tree for each paralog were then used as input files for the program CODEML NSites in the PAML suite. The starting omega used was 0.4 with a codon frequency model of F3x4. Tests with different starting omegas and codon frequency models yielded similar results. The models M7, M8a and M8 were compared to determine if positive selection was present. The test indicated whether the evolution of the paralogs fit a model that allows for DN/DS > 1 (M8) or models that do not allow for D N /D S >1 (M7 and M8a). We used the M8 Bayes Empirical Bayes analysis to identify specific residues under positive selection. R01GM074108 (HSM) and the Howard Hughes Medical Institute (HSM). HSM is an Investigator of the Howard Hughes Medical Institute. (Katoh and Standley 2013) . Gaps where less than 80% of sequences aligned were removed. A PhyML tree (Guindon, et al. 2010 ) with 100X resampling was generated (LG substitution rate). The asterisks represent nodes with greater than 98% bootstrap support. The highly conserved "canonical" Arps are labeled in black, whereas the blue-labeled branches represent Arp paralogs only found in D. pseudoobscura and D. persimilis. tsukubaensis was unsuccessful so its status is unknown. RT-PCR was conducted with males and females of representative species in the obscura clade and DNA gels are displayed.
Expression of canonical actin (Act5C) and Arp2 are shown in the gray box. Dup2 and/or Dup3 were excluded from the analysis for D. guanche and D. bifasciata because the genes are pseudogenized. Fig. 3: Arp2D originated from a retroduplication event of Arp2. A) Primers targeting sequences in two neighboring exons conserved in D. pseudoobscura Arp2 and Arp2D were used to PCR amplify the genomic region in D. melanogaster, D. pseudoobscura, and D. persimilis. PCR products were run on a 2% agarose gel. Since Arp2D does not contain introns, the PCR product is smaller (374 bp) than that of Arp2 (436 bp). B) Nucleotide sequences from Arp2 (from 12 sequenced Drosophila species) and Arp2D sequences from the obscura group were aligned. A PhyML tree (Guindon, et al. 2010 ) with 100X resampling was generated and presented using the species from the Drosophila subgenus (D. virilis, D. mojavensis, D. grimshawi) as an outgroup.
Figure 4: Arp2D is predicted to bind a daughter actin monomer.
A) A homology model of the D. pseudoobscura Arp2/3 complex bound to daughter actin monomers was subjected to structural refinement and equilibration with Arp2D replacing Arp2.
Arp2D is color-coded as in (B). Components of the complex are labeled, with daughter actin monomers in teal. B) D. pseudoobscura Arp2 is shown as a space-filled homology model. All
Arp2D protein sequences and a few representative Arp2 sequences (from D. persimilis, D. pseudoobscura, D. guanche, D. bifasciata and D. azteca) were aligned and residues were categorized as one of the following: 1) relaxed constraint or unconserved in Arp2D (pink), 2) conserved in Arp2D but differs from conserved residues in Arp2 (purple) and 3) unconserved Arp2 residues (blue). Logo plots for residues that are not conserved among Arp2 sequences are displayed. For each Arp duplicate, coding ORFs were codon-based aligned and then consensus aligned with pseudogenized genes, which were not included in Figure 4A . Maximum-likelihood trees with 100X resampling were generated with PhyML (Guindon, et al. 2010) . Translation aligned and PhyML tree with 100X resampling (Guindon, et al. 2010 ). Gaps with 80% or more unaligned sequences were removed. B) Protein sequences from those represented in (A) were aligned with MAFFT and a PhyML tree with 100X resampling is shown. (Saunders and Voth 2012; Hocky, et al. 2016 ).
Supplementary
High bootstrap indicates
Since the D.pse Arp2D/Arp3 complex exhibits an RMSD and dihedral angle similar to D.pse Arp2/3, it is behaving biochemically like canonical Arp2 and can most likely adopts the conformation required for generating a daughter actin filament. B) Fixed changes between Arp2 and Arp2D are listed. The Arp2D residues are conserved within all obscura species. Figure S10 : Full-length Arp2D-sfGFP protein is expressed in the testis.
Supplementary
Thirty testes were dissected from two founder lines ("line 7 and 9") encoding Arp2D-sfGFP and were denatured using SDS loading buffer. Thirty-two testes were dissected from a negative control, a D.pseudoobscura transenic encoding the mini-white gene. Top image: probed with anti-GFP. The purple arrow denotes the band of expected size for Arp2D-sfGFP, 73 kDa.
Asterisks indicate non-specific bands. Two different volumes (25% and 75% of the total sample) were loaded for the two fly lines. Bottom: probed with anti-tubulin, expected size is 50 kDa. The initial all-atom model of an activated Arp2/3 complex was built following the protocol of (Pfaendtner, et al. 2012 ), but using a newer model for the actin filament, namely that of (Oda, et al. 2009 ), PDB ID 2ZWH. A single structure from simulations of a full junction by one of us (GMH) is shown in (Aydin, et al. 2018) . In brief, to build the junction model, actin monomers in the filament had a magnesium ion and a bound ADP as well as coordinating waters placed inside, and then assembled into a filament as previously described (Saunders and Voth 2012; Hocky, et al. 2016) . A mother filament of 13 subunits and a daughter filament of 11 subunits in ideal geometry were constructed. These filaments were aligned to the Branch10 structure in (Pfaendtner, et al. 2012 ) by C α RMSD. Mother actin subunits 7 and 9 were replaced with structures from (Pfaendtner, et al. 2012 ) because these are in direct contact with the complex, and come from (Rouiller, et al. 2008 )'s reconstruction but the coordinating waters from the equilibrated Oda structure are placed into these two subunits by alignment of the actin subunits.
The Arp2/3 complex structure from Branch10 in (Pfaendtner, et al. 2012 ) was preserved, except that a magnesium ion, water, and an ADP molecule were placed inside of Arp2, and the same was done for Arp3 except with an ATP molecule/water/ion from an equilibrated ATP-bound Oda monomer ) based on the structure in PDB ID 1J6Z, due to the difference in nucleotide hydrolysis rates of Arp2 and Arp3 (Pollard 2007) . In the case of this work, this whole protocol was followed to build a mammalian junction, but only the first two actin subunits in the daughter filament were kept. The system was then solvated in TIP3P water with 0.18M KCl.
Equilibration was performed in NAMD (Phillips, et al. 2005) using the CHARMM22+CMAP forcefield following the exact procedure in (Hocky, et al. 2016) . This structure formed the basis for the homology models of the Arp2/3 complex and daughter actin proteins used in this work.
Subsequently, the homology models of the complex and actin were re-aligned with this structure and equilibrated according to this same protocol using NAMD. Then subsequent MD simulations were performed in GROMACS (Abraham, et al. 2015) . The McDonald-Kreitman compares the ratio of nonsynonmous to synonymous fixed differences between two species (D N /D S ) to the ratio of nonsynonmous to synonymous polymorphisms within a species (P N /P S ). Under neutrality, we expect D N /D S ~ P N /P S . However, if the ratio of fixed differences is far greater than the polymorphism ratio (D N /D S >> P N /P S ), then this excess of fixed nonsynonymous differences (evaluated with a Fisher's exact test) is inferred to be the result of positive selection.
Alpha, or neutrality index, represents the proportion of nonsynonymous substitutions likely driven by positive selection (Smith and Eyre-Walker 2002) . Alpha is defined as [1-(D S P N /D N P S ) and is expected to be zero under neutrality, and approaches 1 if all the nonsynonymous substitutions are likely to be driven by positive selection. (Alpha values of 0.8 or higher are considered very strong evidence of positive selection. s of Table 2 Maximum-likelihood tests for recurrent positive selection Using the PAML suite (Yang 2007) , we tested whether NsSites models that permitted codons to evolve under positive selection (M8) were a more likely fit to the data than those models (M7, M8a) that disallowed it. Tree length refers to the number of nucleotide substitutions per codon, giving an indication of the divergence of the data set. The results we present are from codeml runs using the F3x4 codon frequency model and initial omega 0.4. 
